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PREFACE 


A Space Shuttle Technology Conference on Flow Fields, Heat Transfer, Aero- 
dynamics, and Operational Flight Mechanics was held at the MSA Ames Research 
Center on December 15 and 1 6 , 1971* The objective of this conference was to 
review the broad base of aerothermodynamics technology developed for the space 
shuttle during the period of the Phase B studies and, thereby, help focus 
attention on the technology required for further space shuttle development. 

This publication is a compilation of the conference papers. It has been divided 
into four volumes, one for each of the sessions. Five papers which were omitted 
from the oral presentation at the conference are included in this publication. 
Contributing organizations include U.S. Aerospace Contractors, Universities, 
Canadian and European Space Agencies, in addition to NASA Research Centers. 
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which has been extensively used for the many configurations tested. Certainly, the same job 
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In this paper all heat-transfer coefficients are based on T aw = T 0 and are divided by the stagnation 
point heat-transfer coefficient (Ref. 1) on a 0.011-ft radius sphere (a 1-ft radius sphere scaled to 
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heat- transfer coefficient based on 
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60 deg, h/h ref « 0.0114, Re L = 4.5 x 10 6 d. a = 40 deg, h/h ref = 0.0179, Re L = 6.6 x 10 6 

Fig. 1 Lee Surface Phase Change Paint Photographs 
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Fig. 2 Lee Surface Thermographic Phosphor Photographs 
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Fig. 3 Side Panel Phase-Change Paint Photographs 
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Fig. 4 Side Panel Thermographic Phosphor Photographs 







COMPARISON OF WINDWARD AND LEE-SIDE CENTERLINE HEATING DISTRIBUTIONS 
Tunnel B, M m = 8.0, Re L = 4.5 x 10 6 

(Figure 5a) 
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Fig. 5 Comparison of Windward and Lee-Side Centerline Heating Distributions 
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Fig. 5 Concluded 
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Fig. 6 Comparison of Experimental and Theoretical Shock Angles 
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Fig. 7 MDAC Orbiter - Windward Centerline Pressure Distributions 
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Fig. 8 Typical Pitot Pressure and Total Temperature Profiles 
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Fig. 9 MDAC Orbiter - Windward Centerline Mach Number Distributions 


COMPARISON OF EXPERIMENTAL AND THEORETICAL WINDWARD CENTERLINE HEATING DISTRIBUTIONS 

















P 











XJ 





SZ 






CD 





CD 





CD 





•r 

5- 



4- 


P 





O 



<D 

i 

JZ 

CD 


• 

O 

p 

ro 



<u 

CD 

i~ 



CD 

o 

O 

5 


sz 


c 

O 



s- 

CD 

CD 



C 

2 

I 



u 

P 

9 

o 



<u 

S- 

a. 



rO 

P 

CD 

to 

CD 

■p 

C 

E 

p— 



s 

CD 




JZ 


C 

CD 

JZ 

CD 

3 

CD 



P 


r0 

o 



O 

O 

•r* 

•r~ 

h- 

-X 

O 

CD 

to 


sz 

V) 


CM 



1 

P 

XJ 

P 


to 

E 

$. 

CD 


CD 

c 

rd 




cu 


r— 

s. 



ro 

CD 

S- 



o 

P 

p 



to 

-o 

ro 

CD 

• 

E 


ro 

CD 


3 

•r— 

ro 

3 



ro 

CD 

Q_ 

CL 

to 

&- 

r— 


JZ 


JZ 

-P 

■a 

o 



JZ 

i- 

00 

O 

CD 

O 

i— 

XJ 

CL 


u 

o 


JO 



CL 

ro 


s- 

CD 

4- 

ro 

O 

to 


3 

<u 

s- 

<0 




a. 

i — 

CL 

S- 

C 

E 

O 



P 

s. 

rd 




CD 

£ 

ro 


CD 

to 

to 

CD 

r— ~ 



s- 

SZ 

9 



JZ 

O 

SZ 

5 

CD 

r* 



CD 


XJ 

o 

•r- 




P 

u 

o 

o 

xj 

CL 

ro 

C 

CD 


c 

o 

E 

ro 





•r» 

r— 




•r 

P 


r0 


ro 




CD 

cd 

to 

4- 

LO 

&- 

>> 


to 



<u 


ro 



SZ 

i- 

C 



CD 


CD 



>> 

</> 


P 



•r» 

rO 

QJ 

i — 


+J 

C 

i- 

E 


S- 

<u 

CD 

r0 



to 


£ 

ro 

4- 

•r* 

o 

ro 

ro 


o 


JZ. . 

XJ 



3 

r0 

•r- 

O 

O 

-Q 



•i— 


CD 

1 — 

H- 





P 

■a 

o 


SI 


ro 

XJ 


JZ 



P 



XJ 

to 

i 


CD 

o 

to 

P 



p 



SZ 



c 

XJ 

o 




c 

rO 

E 



• 

• 

CD 



ro 


22 


CD 

CD 

o 

XJ 

O 


s- 

to 

XJ 

r— 




.X 

4-> 

• 

SZ 

-C 

•1— 




ro 


CD 

3 



CD 

O 


X— % 

r0 

■p 

p 

P 

to 


SZ 

« 

E 

•P 



0) 

ro 

-a 

in 



3 

5Z 

1^. 


•r> 

4- 

3 

S- 



-a 

4-> 

sz 

CM 

jj 

c 

r— 

CD 

o 


E 

<D 

to 

3 




P 

ro 


a 

o 

o 

r— 

• 


ro 

an 

to 

P 



o 

r0 


r— 

o 


to 

3 

o 


r~ 


ro 




C\J 

1 


s *» 

JZ 

-o 


JZ 




4- 


CD 




4- 



to 

CD 

o 

s- 

4- 


O 

O 

to 

JZ 



XJ 

O 


s~ 


to 

•r* 

3 

O 


•r- 


r0 

1— 



sz 

1 

• 

o 

ro 

O 

V 

P 



i- 

XJ 

3* 




ro 

CD 

4— 

p 


CL 

P 


XJ 


P 

o 






r— 

CD 

o 

XJ 

E 

Cy 

CD 

CD 

• 

a) 

JZ 

to 

.« 



O 

CD 

DC 

ro 

sz 

•r 

E 

JZ 

P 

to 

E 

p 

CD 

SZ 



r— “ 

SZ 

** — 

4- 

ro 

U 

t 

P 

to 

S- 

E 

QJ 


o 




f0 




CD 

>> 


•r— 

CD 

>> 

E 

£ 

•p- 



(1 


>> 

>> 

ro 

CL 

to 


to 

P 

to 


CD 

p 




CD 

L. 

CD 

P 

3 

•r- 

• 

C 

£Z 

•r- 

CD 

CD 

3 



a 

CD 

O 

O 

ro 

to 

X 


o 

CD 

X 

JZ 

XJ 

JZ) 




S- 

CD 

r— 

XJ 


rO 

u 

o 

CJ 

ro 

P 


•r* 

00 


P 

CD 

JZ 

ro 


c 


ro 





CO 

S- 



rO 

CD 

P 

C 

CD 


CD 

P 

to 

c 

O 

>> 

CM 

P 

II 



XJ 


ro 

i- 

o 

JZ 

P 

CL 

CD 

P 

JZ 


to 


ro 

-o 

1 

>> 


3 

JC 

p 

ro 

•r- 

CD 



4- 

•r* 

8 

O 

CD 

O 

P 

to 

to 

to 




3: 

XJ 

to 

O 

XJ 

SE 


SZ 

r— > 

•r- 

-a 

to 


XJ 

4— 

P 

p 

CD 

CD 





•r* 


S*. 

r— 

OJ 

to 

c: 

O 


CD 

S- 

3 

CD 

XJ 

«\ 

CD 

rO 

CD 

ro 

O 

£ 

•r— 

r0 


S- 

JZ 

ro 

r— 

r- 

c 

CO 

S- 

P 

JZ 

r— 

sz 

Q. 



CD 

CD 


CL 

ro 

CD 

r0 


3 

JZ) 

1 — 

•r- 

>) 


C 

Q 

r— 

>0 

CD 

E 

> 

SZ 


r— 

CD 

O 


E 

CD 

r— 

o 

1 

CD 

ro 

sz 

o 


ro 

CD 

CD 

•r* 



•r* 

DZ 

rO 

•r 

CM 

C 

r— 

•I— 

o 

CJ 


XJ 

C 

LL 

to 

• 

CO 


P 

-P 


rO 


o 


•r— 

JX 

3 

sz 


sz 

ro 


SZ 

SZ 

to 

CD 


>> 

ro 

CD 

s- 

U 

P 

3 


o 

O 

r— 

s- 

cy 

i — 

JZ 

to 

s- 

CL 

U 

p 

O 

•r* 

K— 


•r* 


ro 

3 

£ 

3 

P 

•r 

ro 

to 

fO 

32 

JZ 

C 



P 


O 

JZ 

•r* 

O 


JZ 

XJ 



E 

to 

CD 



3 

a> 

o 


i- 

r- 

>> 

P 

c 

E 

ro 

E 


f0 



X) 

s- 

r— 

O 

CD 

rO 

JZ 


3 

ro 

P 

>> 

<c 

E 



•r 

3 


o 

CL 

U 


P 

O 

•r* 

ro 

to 






CD 

5*. 


X 


~o 

r0 

JZ 

XJ 

XJ 

«r- 


C 



P 

•r 

ro 

CD 

CD 

u 

CD 





X 

• 

•i— 



</) 

LU 

SZ 

JZ 



P 

XJ 

CD 

ro 

X 

rd 

to 




•r 


•r- 

p 

CD 

s- 

CD 

CD 

JZ 


O 


p 

JZ 



XJ 

C 

£ 


JZ 

■p 

-X 

P 

1— 

JZ 

ro 

O 

sz 

p 




•r- 

ro 

CD 

-P 

fll 

CJ 

ro 


p 

P 

P 

«r— 

o 



P 


r— 

C 


£ 

rO 

O 


•r- 

P 


O 

JZ 



SZ 

XJ 


•r* 

4- 



•r— 

• 

S 

rO 

XJ 

Q- 




CD 

CD 

O 

CO 

O 

>> 

JZ 

XJ 

>> 


l 

CD 


Jo 



•r— 

4-> 

•r— 

3 


to 


c 

S- 

CD 

4- 

P 

r— 

s. 



O 

C 

S- 


CD 

•P" 

CD 

•r* 

o 

to 

O 

o 

r— 

o 



•i— 

CD 

P 


C 

X 

C 


CD 

o 

1 

CD 

ro 

CD 



4- 

to 

Qt 

LO 

•P“ 

ro 

ro 

to 

JZ 

sz 

CD 

s. 


JZ 



4- 

CD 






•p~ 

P 



S-. 

P 

p 



<D 

*- 


• 

•r* 

CD 

ro 



r— 

CD 

o 

ro 




O 

Q- 

>> 

4- 

r0 

J= 

P 

CD 

•r— 

CD 

SZ 

CJ 


a 



O 


to 

<D 

4- 

P 

r0 

O 

JZ 

XJ 

ro 


P 

•r- 




CD 

•p- 

QZ 



XJ 

£Z 

o 

O 


>> 

SZ 

S- 



S- 

S- 

X 

-• 

t0 

C 


CD 

1 

E 

CD 

s- 

CD 

P 



,<D 

to 

ro 



•r 

S- 

CD 

CD 


CD 

o 

u 

rp 



4- 



>> 

CD 


ro 

S- 

c 

CD 

s. 

CD 

s- 

g 



tO 

CD 

XJ 

U 

C 

~o 

C 

CD 

•r 

JZ 

CD 

JZ 


E 



SZ 

3 

C 

o 

•r— 

CD 

•r* 

> 

XJ 

P 

<D 

p 

CL 




rO 

or 

to 

CD 

to 

to 

E 

•»— 

i— 


XJ 



to 



S- 

•r 


J c 

3 

3 

ro 

XJ 

ro 

E 

1 

•r— 

o 

•r- 



P 

SZ 

r— 

P 



p“ 


Q- 

o 

O 

JZ 

r— 

X 



1 

jz 

ro 


XJ 

«>— "N 


CD 

oo 

S- 

CM 

o 


r0 



P 

a 

SZ 

P 

CD 

SL. 

CD 

SZ 


4- 


1 

SZ 




ro 

CD 

o 

SZ 

•P 


JZ 

•f— 

CD 


CD 

CD 

ro 

CD 



CD 

p 

•r— 

CD 

r0 


P 

p*~ 

JZ 

E 

JZ 

SZ 

JZ 

JZ 



re 


to 

r-“ 

»— 

to 


E 

p 

u 

1— 

•r* 

P 

P 




P 

SZ 

3 

3 

3 

CD 

to 




XJ 






c 


X) 

O 

*r— 

O 

CD 

JZ 



r— 

to 

JZ 




•n 

£ 

s- 

r— 

■o 

sz 

$- 

p 

to 


rd 

to 

p 




ro 

•r— 

3 

ro 

ro 

•r~ 

P 

•r— 

• 


Q- 

CD 

•r 




Q- 

TJ 

P 

O 

S- 

00 

to 

5 

CM 


co 

r- 

5 


264 


above the Spa! ding-Chi theory. 




285 


Fig. 10 Comparison of Experimental and Theoretical Windward Centerline Heating Distributions 
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Laminar - Local Similari 



Fig. 10 Continued 
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Tunnel B, = J 
Fig. 10 Continued 
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Fig. 10 Concluded 
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Fig. 11 Transition Onset Correlation 
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this experimental program, and proceeds with the discussion of the flow field and heat trans- 
fer to the windward, surface, to the leeward surface, to cavities and finally to the orbiter 
with tanks. 



TPS SENSITIVITY 


0 0 0 
•H £ ^ 



00ft 

0 


0 


-P 

•H 

• 0 

0 

0 

p 

rH 

<D 

cd p ft 

b> id 

ft 

p 

0 


M 0 O 

ra Q) 


3 

H 

p 

ft ra 0 

•H P 

O 

p 

p 

03 

cd 

d h 


ra 

p 

cd 

0 

*H h 

bD cd 

p id 

3 


a 

H £ 


ft ft 

0 

•rl 



0 0 CQ 
•P -P c) 

O Pi o 

ft ft O 


0 ft 
S Pi P 
3 O O 
ft ft 0 
O cd P 

3 H o 
U a U 
P (j ft 


O *H P ft 
H , P P £ 

r — 1 rl iD O 

Cd Cd 'S a ft 

■H ft Olh 

ft ft O ft 
, OJ 0) ft 'H P 

rag cum 

_ >? P 0) 

•» Cd ft ft O 

g 0 cd p 

3 <pi a tso <u 

•H O 0 ft 

p ft ra 0 

cd P p cd ft 

P O x fs <ft 

i-H ft 0) ft 

P P 0 id 

o ra bo 
ft 0 cd cd O 

O H £ P P 


Cd rH 1 
M 

POP 

rjpfl 

cd p 

■D 

ft 0) o 

CO ft ft 
ft P) ft 

° §*5 

ra ft 

p ra Ph 
ra ft 
ft 

raft, 
ft 0-r-> 
O P Ph 
o cd ° 

. H O 
ft P Lf\ 

0 cd cn 


ft ,p > ft 

p 0 bo id id 

p .ft ft cd 
O ft O 0 

3 is ,P ra 

ft o o 
P • to ft ft 

ra ra Ph s cd 

0 Eh 

p p ra 

O ft ft • 0 

^3 ra ft ra o 

O 0 ft ft 


O 0 p 0 
o ra o ft 
fl'Hik 
O P Tf ft 
•h ra 0 'ft 


P)£ .P 

ft* 3 

0 ?3 
o ft ft 
cd bo ft 


ra g ft 

0 Ptft 
ft ft 


ft 0 ft bo 
cd H i ft 
o O cd 
ra ft ft H 
o ft 0 
ft 0 cd ft 


o !» ft 

P ft 
bDft > 
ft H ft 
ft ft 0 
P ft 

cd cd bp 


0 ra p 
ft ft cd 
Eh O ft 

P 0 

5 » 

ft 0 
cd P 


ft 0 ft ft 

cd o p ra o 

ft „ > ft 

0 •'ft ftp 
ft ra o p cd 


0 ft g 

ft 0 ft 
cd ra p 


^ ft cd 
ra 0 
ft 0 ft 
o ft i 
ft Eh O 


P cd 
ra p 0 


•H H 

ft p 
>3^ ra 
ft id . 


SI'S 


0 ft ft ft 
ft G P p 

ra p id id 
•h 0 0 

0 P b0 
CQ ft 0 ft 
Ph cd 0 cd 
EH -P ft 
ra O o 


0 ft 

ft > 0 ra 
ft cd t> 0 
p w ft > 
o p cd 
p cd 0 

0 ft i — I rH 
ft bDft 
ft ft cd ra 


ft ora 
P 0 
0 • ft 
ft ra bop 
P 0 P 
bD H ft ft 
ft ft O O 
ft cd bD 
•H ft 
ra ft ft 0 
cd cd O ft 
> P 
raft 
id bDP 0 
P P P 


P id cd P "o 

o P 0 & cd 

Cd ft Q ft 

0 . dp 
ft h 0 cd 
P m bp p 

p p 3 ft 

O o ft 0 CQ 

0 ra p’ 

•[j ra 0 Eh 


ft o p p 

P IS id ft 

P td 
0 p 0 ra 

ft . ft p ft 

ftp o O 

P P * 0 ft 

° I ss“ 

0 P O ft ft 

ft o ft P) cd 
p ft ra p 

ft '0 0 ft 
O P ft bDft 

Is p m ft 
0 P P ft 

g 0 ft o cd 

s s s cS 


ft 0 . P ON 

P O id IT\ 

ft P P ■> _ 

is cS cd ra fl 

ft P ft cd 
P ft ra ft 

O 0 P p 

ft ft p cd 
p ra ft ft 

a bO o eh 0 


p ra 

& P 8 

o 

0 ft cd 
O ra g 


298 


Since the latter option is not now being actively pursued, it might be falsely assumed 
that the requirements on accurate aero-heating description are somewhat relaxed. While not 
sensitive to accurate description on the gross scale, an undetected, underestimated local 
problem might spell the difference between mission success and failure. 
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ORBITER CONFIGURATION 
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The CFBT model, an earlier version of the H-33, differed somewhat from the configuration 
shovin in figure 2, having a tapered aft fuselage, a more contoured forebody planform 
and a straight trailing edge. 
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shocks is not visible on the oil flaw. Calculation and observation of leeside oil flow shows 
that this impingement takes place at 70% span, just outboard of the most outboard fore and 
aft reference line. 




COMPARISON OF WINDWARD SURFACE HEAT TRANSFER 
DISTRIBUTIONS AT TWO REYNOLDS NUMBERS 
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EFFECT OF ANGLE OF ATTACK ON LAMINAE HEAT TRANSFER DISTRIBUTION 
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region was correlated using the reference enthalpy technique for a flat plate 
between data and theory is good. 
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EFFECT OF REYNOLDS NUMBER ON WINDWARD CENTERLINE HEAT TRANSFER 
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In general, the agreement between theory and test was favorable with the exception of the 
region near the nose, which theory consistently underpredicted. However, as the Reynolds 
number was increased, the heat transfer distribution in this region approached full conical 
heating values and could be correlated by mutliplying the flat plate results by VT. 
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WINDWARD CENTERLINE HEAT TRANSFER CORRELATION 
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EFFECT OF REYNOLDS NUMBER ON WINDWARD WING HEAT TRANSFER, 50$ SEMISPAN 
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EFFECT OF Re NO. ON WINDWARD WING HEAT 
TRANSFER DISTRIBUTION, 50% SPAN 
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Figure 10 
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Figure 19 



HEATING AMPLIFICATIONS ON ORB ITER FUSELAGE DUE TO PRESENCE OF SIDE-MOUNTED TANKS 
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Figure 20 
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Figure 21 




HO tank/orbiter electron beam flow visual iza tion 
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Figure 22 


INTERFERENCE HEATING ON HO/OKBITER CONFIGURATION 

(Figure 23) 
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of 19-0 x 10°, the boundary layer is thicker and any surface roughness due to the paint does not 
appear to affect the location of transition, as shown in figure 4 by the agreement in the onset of 
transition for the paint data from tunnel B and the LRC Mach 8 facility. 
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Figure 4 



A COMPARISON OF HEATING RATIOS ON A DELTA BODY 
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maximum heat-transfer data (h/h Q «* 0.7) at the start of fully turbulent flow. 
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Figure 5 



HEATING RATIOS ON DELTA- AND STRAIGHT -BODY CONFIGURATIONS 



358 



HEATING RATIOS ON DELTA AND STRAIGHT-BODY CONFIGURATIONS 

a = 40° 

PAINT DATA 



359 


Figure 6 



TUNNEL F TURBULENT HEATING DATA AT TWO ANGLES OF ATTACK 
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TUNNEL F TURBULENT HEATING DATA AT TWO ANGLES OF ATTACK 

M__ ~ 10.5 
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Figure 7 



TUNNEL F TURBULENT HEATING DATA AT TWO ANGLES OF ATTACK 
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should he modified for the condition of "in-flow" found at the low angles of attack 
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Figure 8 



HIGH -ANGLE -OF -ATTACK HEATING DATA FROM TUNNEL F 
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ref. 6) prediction. 
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EFFECT OF PAINT ROUGHNESS 
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with the smooth melted paint was lower than that found on the model coated with the unmelted high- 
temperature paint. In addition, the level of turbulent heating on the model with the smooth melted paint 
was the same as that on the clean unpainted model. Therefore, it appears that a distributed roughness 
over the area of turbulent flow can raise the level of turbulent heating as much as 20 percent. 
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Figure 10 
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Figure 11 
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Figure 12 
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turbulence wedge spreading angle (figure 6) 
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Reynolds number on the unseparated flow field and on the shock-wave shape in particular, appear small for 
the test range of Reynolds number. 
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LEE- SURFACE HEATING CHARACTERISTICS 


ft CQ ft 

0 I 0 O 
N Hi O 'H 
ri H c3 ft 
fn <D <n q 
a h H iJ 

M P 

1 M 
P ft 
CQ . p 



0 

i> 

O 

ft 

03 ft 

cd 

CQ (t) 
ft ft 


bO 0 
ft -p fl ,d 

0 CQ cd ft ft 

Pft ft ft 
ft P a tO 

bD <u ' 


■s 

$ 


0 

ft I 

ft CQ 


O S? 

*5 

s3 <u 

O CQ 


a 

•H 

£ 

( D 


I 

W 
_ *ri 
f> T* 
•H 


ft 

a 

o 

o 


o 

ft 

O 


P bt 
^ 0 cd 

3 ft +> 

CQ 


. > is 

O 

P H to 
ft 0 
ft O 
0 ft ft 
ft O ft 




tcD 03 CQ ft 
O *H 
ft P 
O VO 
CQ ft 
0 

0 0 

ft O 

<D P § 0 

CQ ft O 

1 Cj O 

0 g ft 
0 bo 
ft S3 ft 
p g fl 

0 ft cd-~ ' 

ft Cd 

ft axe ft 
ft o S3 
ft ft 0 

O d ft 
CL) X O 
«IH ft 

S3 P CM ft 

ft CQ .ft 

d cd Lf\ 0 
d j) o 
<d g ft o 

as 0 ° P 

ft Jh ”73 ft 

S3 “.CQ 

13 ,*?g 

§ i^ft 

ft O .1 
ft 3 3 ft 
d as ft cd 
e bD 0 
fi ID fi 3 
O ft CD 
ft H H 
P cd 

0 O >3 O 
ft ft ft O 
ft !> O H 
cd ft 

bO ft (L) 
O O fl ft 
ft ft o ft 


CD ft CD p 


ft 


<D cd 
bo S3 cd h <3 


In O S3ft 

S3 cd 0 O ft CQ 

O Pc ft P 0 S3 
ft H ft CQ (3 ft ft 

ft -P 0ft Oft Oft 

O cd ft cd cd ft o S3 

ft P P ft O bD cd 

cd cu a 

® > ft ft >>o ra 

cd O S3 cd cd H cd 

ft ft 0 cd 

O i ft CQ 

■PM bD bD ft 
CD CD S3 S3 o 

(D ft ft ft ft cd 

o p O ft ft 

S3 O & cd cd ft 

cd i>^ <D <D o 

ft ft ft ft 

CQ CD ft 

„ ft ft • p -d > 

cq d ft o cd a) — ' 

ft° AO. 

ft ft 


CD CD 
ft O 
ft cd 
ft 

ft m 

CD ft 
H O 
cd 

o o 

CQ ft 


ft 

ft 


ft 
CD' 
ft 

cd ft 
•h o 
v cd 
O ft 

CQ ft 

CQ cd 

cd 

ft 

o 


ft 

o 

cd 

ft 

Id 


CD 

ft 

ft 


CD ^ 

ft O S3 P • 

>1 O ft O ft CU 

ft . ft CD S 


bD 0 ft 

S3 H d 

O bO 3 

P S3 O 


do. 

O S 
ft p ft 


CD 

S^H 0 

CQ 

g 

ft 


S3 

CQ ft 


S3 

03 

0 


•H 

ft cd ft 

0 

1 — 1 

VO 

IS! 

CD 


□ 

ft 

ft 

ft 

> 

0 

O 

O 

S3 

CQ 


CQ 


d 

S3 A 

ft 

d ft ft 



S3 

ft 

O 0 

-p 

•H 


0 

o3 


O 

0 

S3 

O 

ft 

P 

O 

•H 


Cp 

0 

cd 

ft ft 


bO 


1 

£ 

q 

CQ -p 

p 

0 

•H 


CD 

0 CQ 

O 

5 

0 


0 

CQ -P rd 

0 

ft 


o3 

•H 

0 

Pj ft 

CQ 

ft ft 

CQ 


0 ft 

d ft 

0 

P ft 

bO 

Pi 



Is 

0 

cd 

d 

O 

-p <3 

•H 

1 — 1 

ra 

•H 


p 


a3 

ft 

0 

0 

u > 


•H 

H 

Is 

cti 

t> 

0 

g 

Cp 

0 

S3 O 

p 

9 ft 

ft 

•H 

O 

0 »H 

•N 


P 


U 

ft 


d 

H 

<p 

ft 

<3 _ 

0 

O 

0 


-P 

pi 

-P -P 


ra 

0 

m 

a3 

ft • 

•H 

Sj 

0 

0 Eh 

ft 

Cp 

1 — 1 

p 

0 

o3 

0 

•H *H 

s 

cd 

rH 

0 

A 

•H ' — N 


0 

ft 

O 


- 0 

0 

cp 

SQt ft 

0 


JD CQ 

0 

£ 

cd 

P 

O 

> p 

0 

P3 


u 


ft d 

p 

d 


ft 

ctf 

•H 

P S3 ft 


0 

d 


cd 

rd 

0 

S3 


• ' 

•v, 0 


CQ 


rH 

O 

O 0 

0 

•P 


ft 

CQ 

bO CD 

-P 

ft 

P 

rH 


CQ 

0 

•H 

ft 

ft 

Pi 

CQ 


rH 

0 

cd 

•H 

S3 0 


cd 


0 

<D 

— r d 

ft ft 


CQ 

X 

•H 

bD 

0 

P 

& 

P 


ft CQ ft 

0 K) 

cp 


S3 


O 

PI 

S3 

0 


S3 CQ 

u 

ra 

-p 

0 

£t ft 

ft 

p 

0 

CQ 

O ft cd 

bD 

03 

o3 

ft 


|5 

•P ft 

cd 

0 


& 

O 

O H 

ft 

ft 

ft 

S3 

0 

w 

S3 

•P 


cd 


O 

9 


Pi 

pi 

0 

0 

rH 

cd ft 


CQ 

S3 

cd 

ft 

-P 

bD 

o3 

rH 

1 bD ft 


•H 

<4H 

P O 


1 

0 

P 

P 

S3 S3 

ft 

a3 

•H 

cd 

rH 


cd S3 

0 

CQ 

rd 

ft 


0 

P 

0 

ra 

ft 

cd 

0 O 

cd 


p 


•H 

-P 

ft ft 

•H 

•H 

0 

0 

-P s 

0 

0 

0 

1 

t — 1 

rH *H 

0 

0 

0 

P 


cd 

H -p rd 

0 

O 

& 

ft 

P 

P 

ft 

d 

bD ft ft 

0 

O 

•H 


0 ai 

Is ft 

CQ 

O 

o3 

•H M 

ft 

cp 

Pc 

cd 

0 

H 0 


-p 

ft 

CQ 

W 

Ti 0 



P 

cd 

r. . 


CD 

P 

CD IQ 
ft <D ft 
Pc ft CD 
CQ ft bD r-f 

(3 bO 


0 d 

1 CD 
A ft 
O ft 
(A O 

• i 1 v 

O ft 0 


d <d 

O ft 

ft p 

ft o 

« ** 

CD CQ 

5> ft 

bD* 

S3 
•H 
p> 
cd H CD 
CD • ft 
ft O ft 

CD V ft 

O O 
cd ft 
ft •>> bD 
P M S3 
•H 


CQ 

S 

a 

CQ 

•H 


•rH 
£ 

• cd 

CQ -p 

0 H 
O 0 
•H 
-P 

s & 

> sjj 

CD H 

ft ft 
40 cd 

£ a 
o 
ft 

cd bD 
ra S3 

3 ft 

cd ft 
o cd 
CD 

£ ft • 
O IA 
H ft 
ft CD CD 
ft o o 
d d S3 

O d CD 
, S3 P 
ft -H CD 
O I ft 
X CD 
ft <D p 

'It 

- o 

> 

H 

•H 
cd 


ttU 

O to 


CD O CQ 
ft ft CD 

ft B to o „ 

CD CD S3 ft 

S3 ft H cd o a) 

o ft ft CD ft 
CQ t-j ft 

ft M 
-H 

~ ft go ft 

as cd ft cd 

ft S3 £ 0 ft d 

O Ed d 

pS S3 d P 

ft -h S3 rj 

CD -H CQ 
ft CQ CD 



■3 


°t i d ft 


cd a 

w S3 
•H 


S3 

■H 


CQ 
CD 
P 

P 
O 

ft ft 
CQ CL) 

cd aj t3 


cd 


ft d 

CQ 

ft i cd d 
Cd CD CQ -H 
ft CD o ft 
ft H S3 ft 


' CD d 
15 O P 
O p 
H CD 'CS 
ft p CD 
CD CQ 
'd ft CQ 
•H CD 
O P 


d 

o 


ft ft _ ... 
cd ft ft cd 

0 cd cd cd P . 

d ft P ft d 

ft ft (D -H p CD 

$3 ft ft CD 2 

•H ft 0 P d 

1 S3 <D p CQ 

w cd ft O S3 (0 

cd cp cd -P 

ft p CD p Cd 

p (D O CQ ft P 

O ft cd ft i , 

i> 0 cp -H ft p 

d fj 0 Cd CD 

CD S3 d -P <D Sp 

ft CQ ft ft ra 

ft ra S3 

ft 0 ft 0 o3 

ft ft d cd 3 P 

O O -H P 0 ft 

S3 P 3 -H • 

>5 Sft ft H ft 

ft id -P o cd cd 

•ri (ft ft d 0 CD 

p ft p ft 

<D !>> ^ft <D 
> ft a 1 ra ft 0 

CD <D ft 3 

raft (D 0 

as S3 ft ft ft 

CD O O ft O X 

ft S3 ft Cd 

EH CD ft d CD 0 

d cd cd o 

ft ft CD ft CD 

ft d o O ft 

S3 cd X ft Eh 

ft P3 CD OW 


452 



lee-surface heating characteristics 

t- VORTEX SHEET 



2) PEAK HEATING IS EXTREMELY SENSITIVE TO REYNOLDS NUMBER 

3) POSITION OF PEAK HEATING SENSITIVE TO ANGLE -OF-ATTACK 



EFFECT OF REYNOLDS NUMBER ON HEATING 
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VORTEX - INDUCED PEAK HEATING 
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Figure 3 



(Figure 4) 
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LEE-SURFACE HEATING AT VARIOUS MACH NUMBERS 
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Figure 7 



Results of a continuing experimental lee- surface heating investigation at Mach 6 and 19 on 
delta-wing orbiter have been presented with the following conclusions: 




d 




OJ 



0 

ft 




p 


0 -P 


d <d 




0 

a3 

& 


Is p 






& g 


CD 

a> |5 

p 


P 

p 

0 


d d 


d 

0 


O 

d 


a 0 


CQ 

d 


<P 

0 

0 



d d 




0 

d 

9 0 


O d 

3 


0 

ft 

d 

a) 


0 3 

9 


0 



0 0 


S CQ 



0 

0 


d 0 


0 

3 


9 


p 

1 — 1 CD 


d P 


d 

0 

0 


0 

1 — 1 


9 

& 

> • 

9 0 


O 

0 


9 


0 P 

i>5 O 


CO CQ 

9 


d 

CQ 

Is 0 

CD d 


o 0 

s> 


d 

CQ 

0 d 

K 


0 d 

0 



0MB 

bO 


•H P 

K 


0 

9 

9 

9 


-p 



0 

d 

9 

d P 



0 


0 

9 

• 

, d 


d 


9 

9 

bO 0 

d 0 


a 0 

d 



rH 

9 d 

to a) 


0 t> 



ip 

d 

*H 1 — 1 

0 d 


0 0 

0 


O 


d 0 

9 J 


is 

0 



0 

0 9 

<D M 


d 0 

9 


9 

0 

0 

3 0 


to d 

■H 


O 

0 d 0 

1 — 1 CD 


0 

CQ 


•H 

9 

« 

ft ft 


d 



-P 


d 

a 



bO 


O 

9 

0 d 

•h d 


0 p 

9 


fl 

rl 

0 d 

0 


d 0 

•H 


3 


ft O 

ft 


d d 

d 


<P 

9 

d 

h d 



0 


M 

0 

p 0 

bO > 


P 1 

0 


•p 

0 0 

3 Z 


0 3 

d 


0 

d 

P 

0 > 


ft 



9 

0 

9 d 

P 0 


d^ 

9 


Is 

*p 

0 d 

-P d 


0 

• 


p 

•p 

0 CD 


9 d 


P 

£ 

0 d 0 

d 


3 O 

CQ 

0 

> 

•p d 

CQ 


0 3 

d 

d 

0 


0 d 

ft P 


cp £> 

0 


!> c 

0 

CD 


0 

0 

3 

•H 


ft 0 

bOd 


CQ d 

<P 

S 

d 


0 

3 a 


a3 

cp 


0 

• 

P CD 



|s d 

0 


d 


O 9 

d 9 


d 


0 

0 

rH 

0 

0 


bD O 

P 

cti 

P 

O 

0 9 

CD CD 

d d 


9 d 

0 S 


d d d 

• 

■P CQ 

d 


0 

0 

P HH 

d 

p 

d 0 


d 


0 

-P P 

d 0 

CD 

o3 P 

3 

d 

0 

p 

•H »H 

CD 3 

d 

0 d 

9 

•H 

ft 

d 

S 0 

q Sj 


d d 


> 


d 

3 <D 

3 


d 

d 

bD 


0 0 

d K 

P 

0 0 

0 

9 

0 

a 0 

3 


0 d 


0 

•P 

d 

9 

•h d 

CQ 

cc3 d 


d 

d 

d 

0 d 

1 H r q 

<P 


0 

0 


d 9 

& O rH 

P 1$ 

0 

d 

0 

0 

d 9 

CD d 

0 

3 O 

9 

0 

d 

t» 

d 

+3 CO 

3 

CQ H 

ft 

p 

d 

0 

9 d 

P <D 

S. 

1 0 

<P 

P 

d 

0 

O P 

CD 

0 d 

0 

0 

0 

0 

0 

> d M 

0 

d 

d 

0 


d 0 

-p 


d !>j 


9 

ft 

0 

0 0 

ft 

bD 

d 

0 

ft 

P 

0 9 

O 03 

3 

> d 

d 


d 

0 

P 


•rl 

O 0 


CQ 

0 

d 

p d 

>5 CD 

CQ 

d d 

d 

o3 

0 


0 0 

-p d 

03 


9 

|s 

9 

R 

d 

•H CO 

a> 


0 


d 

9 

0 d 

P ft 

u 

•p 

0 

9 


d 

CD X 

0 

0 d 

0 

O 

ft 

3 

d 0 

> CD 

q 

> 9 

ft 

9 

1 

d d 

CD 


•P 3 

Cp 

0 

X H 

•p 0 

CO CD 


d 

cp 

9 

0 

O 

d O 

9 d 

CD (D -P 

A B 

3 

0 

d 

cp 

t & 

*P 

, d d 


p 

0 0 

9 

9 

0 

0 

0 9 

-P 

is 

Ph IS ft 

ft 

> 


d p 









rH 


OJ • 



c<~\ 




0 




p 

1 



0 0 

9 


. 

• d 

O 


0 

bO d bO 

0 


P 

9,9 

bD 


d 0 

•P d *p 

9 9 


0 d 1 

d 0 d 

P H 


0 a 

0 0 0 

0 


a 3 

090 

0 


9 

d d d 

0 • 


0 

0 

p d d 

d d 

d p 9 

0 0 

0 

d 0 

0 *p 

9 0 

0 


0 p 

p d 

d 

d § 

ft P 9 

d 

d 

d 

° 0 

d 0 

0 

p 0 

d 1 -p 

d 


is p 

0 d d 

p P 

p 

9 

0 P 0 

Is 0 

0 

d 0 


P> 0 

o-i 

ag 

9 0 

d d 

d 

p 0 

•P X P 

d bD 

bD 

d ft 

1 0 

x d 0 
0 p -p 

1 0 

•H 

9 

0 

p s 

9 

d 0 d 

d bD d 

P P 

p i> d 

0 9 

9 

S’ 

0 

P 

0 

0 > 

>00 

0 0 


d 0 

bO P 

0 0 

P 

d d 

003 

0 0 

0 

d 

0 p 0 

0 P 

d 

9 0 

9 3 9 

P 0 


d d 

0 O -p 

0 9 

P 

0 d 

9 0 

0 p 

9 


d 9 O 

d 


0 -p 

p 0 d 

d 

0 

d 0 

9 

0 d 

d 

d 

•P O 0 

0 p 

d 

bD 


P 9 

0 

9 9 

. 

0 -p 

9 

0 -p 

R 

0 p 
p 

bQ d d 

0 0 

0 

d P 

9 d 0 

0 0 

(9 

0 3 

Odd 

P d 


d 0 

P 9 -p 

ft 0 

d 

0 0 

d d 9 

9 

d 

0 0 

0 0 bD 

0 0 
d 0 

S 

£>> 

>5 0 d 

d 


0 d 

P d 0 
d d 9 


d 

0 

d 
0 0 

0 0 

bD p 

0 

d d 

a p p 

9 0 

0 

0 

0 0 d 

p 0 

0 

d P 

0 p 
bD 0 d 

a 

0 

P 

0 

d ft 
I—* 

0 d 

0 9 

9 

O bO 

0 0 0 

d p 

P 

d 9 

0 P 

d a 


0 p 

0 P 

bD 

d 

P 9 bD 

0 0 

9 

bO 0 

P 0 9 

0 p 

P 

9 0 

9 . P 

Pc . 

d 

p d 

0 P d 

d 

0 

d 

1 0 0 

P 9 

0 

$ cu 

0 ft 0 

O 0 

d 

0 0 

0 ft -3 



d 0 

d 9 

9 P d 

•n 

d 

O 0 

0 

d P 

9 0 0 

P d 

0 

0 9 

p d 0 

d a 

ft 

0 0 

d 9 

p p 

^ 1 

0 d • 

0 9 

0 

d 0 

9 W 3 9 

O 

d 

9 0 

O 9 P P 

ft 0 

d 

P d 

P P 1 0 

d 


1 

d )>9 X 0 

0 d 

*\ 

X 0 

0 P 0 0 

d 0 

d 

0 P 

p p d 0 
P d P 0 

43 ft 

0 

0 

d 0 
P 

0000 

d 0 

p 

0 0 

S !> 9 

<; « 

d 

>■ 0 

, , 




d" 



VO 

v — 

' — ^ 


> — ^ 


k66 


A quantitative determination of this heating is very difficult since it is influenced 
by numerous interrelated parameters; continuing research is indicated. 
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EFFECT OF NOSE GEOMETRY 01 THE BOW SHOCK WAVE 
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EFFECT OF REYNOLDS NUMBER ON PLANE-OF-SYMMETRY FLOW FIELD 
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The introduction of vorticity caused by the strongly curved character of the bow shock wave 
may contribute to the apparently premature occurrence of transition in the present tests , which 
is consistent with the literature experience with blunt cones. 



F4 : W2 TANGENT CONE 

F3 : W2 TANGENT CONE 


300 



4*6 9 y 


h8j 


Figure 9 




UNPERTURBED HEAT -TRANSFER RATES NEAR THE WING LEADING EDGE 
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EFFECTIVE RADIUS OF CURVATURE FOR PEAK HEATING AS A FUNCTION OF ANGLE OF ATTACK 
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EFFECTIVE RADIUS OF CURVATURE FOR PEAK HEATING 
AS A FUNCTION OF ANGLE OF ATTACK 
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DESIGN CURVES FOR THE UNPERTURBED PEAK HEATING TO A STRAIGHT WING 
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LEADING-EDGE SWEEP ANGLE, A , DEG 




PROBLEMS ENCOUNTERED WITH PEAK-HEATING MEASUREMENTS 
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6. Large differences in wing-leading-edge heat-transfer data exist at modest to low angles 
of attack. These differences are attributable to instrumentation type and instrumentation location. 
Extreme care must he exercised in obtaining such data. 
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"basic" combinations used to generate the weight uncertainty profile shown were assigned, but 
they are felt to be a reasonable initial estimate for the 0B concept orbiters. 
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Figure 6 
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APPENDIX: DATA IDENTIFICATION 
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The analysis consists of a rational combination of theoretical treatments of the prominent flow 
interaction phenomena in the base region. These theories consider jet mixing, plume flow, 
axisymmetric flow effects, base injection, recirculating flow dynamics, and various modes 



of heat transfer. Such effects as initial boundary-layer expansion at the nozzle lip, 
reattachment, recompression, choked vent flow, and nonisoenergetic mixing processes are 
included in the analysis. A unified method has been developed and programmed to numerically 
obtain compatible solutions for the various flow-field components in both flight and ground test 
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Evaluation of the base heating environments for launch vehicles is one of the most challenging 
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Heat transfer to the base of a multi-engine vehicle can occur through two modes: convection 
and radiation. On large vehicles, particularly those burning RP-1 (kerosene) with oxygen or 
air aluminized solid propellant, these two modes are both important. For vehicles powered 
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Radiation from shock waves at interaction of the solid motor plume and the 
main engine plume. 

Radiation from shock waves at interaction between adjacent solid motor plumes. 



There is no existing method or flow model that can account for all of the above listed heat 
sources simultaneously. Usually, each source or a small group of sources is treated 
independently of the others, and their cumulative interaction effects are neglected. For 
instance, radiation and convection evaluations are uncoupled. Simplifying assumptions ar 
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relationship, however, at points removed from the cluster's center. Consequently, other 
investigators (including Sergeant) found that it is more useful to correlate the heating with 
heat shield pressure (or base pressure). 
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plume interaction require the plume interaction res 
conditions. 



For the reasons mentioned in the introduction section, the following review will concentrate 
on jet mixing layer analyses. A recent survey of supersonic base flow theories 11 and the 
latest analytical work 12 indicate that the application of the Chapman-Kor st mixing layer theory 
is a highly practical method that gives reasonable results for this approach. 
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The method of Hong has included the base gas temperature consideration and compared it 
successfully with both ground and flight test data. ^ However, the effects of the initial boun- 
dary layer of nozzle and vehicle surface have been neglected. These effects are very impor- 
tant for multijet configurations. 
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The method of Marion, Daniels, Herstine, and Burge, uses a simple two-dimensional, one 
stream, isoenergetic base-pressure analysis to evaluate multiple -nozzle base flow in the 



choked vent flow condition. Base pressure is obtained by iterating the mass entrainment 
rate to satisfy the choked vent- flow condition. 
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For laminar flow, the Mangier transformation is not only geometric, but it changes the form 
of the continuity equation without changing the energy and momentum equations. This *s 
possible because the laminar kinematic viscosity p. is a state variable. For turbulent 
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Similarly, the conservation of momentum (neglecting the x-momentum of the base bleed) gives 
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Kirk postulates that the flow pattern changes abruptly from a boundary-layer type to a mixing 
(free shear layer) type without losses in momentum and mass. 34 This postulate allows the 
evaluation of the qualities on the left-hand side of Equation (3), using the normal boundary- 



layer definitions of displacement thickness and momentum thickness. Referencing to the 
conditions at Position 2 (Figure 2) and neglecting the transverse curvature effects 





533 


Combining Equations (4) and (5) yields 
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Equation (8) is identical to the governing equation given in Reference 35 for planar flow; 
Equation (8) also shows that the initial momentum thickness and base -bleeding rate are 
invariant under the transformation. Also in the present case, the x-axis is located along the 
dividing streamline so that the velocities are invariant under the transformation. These 
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The control volume in an axi symmetric base flow region is indicated by dashed lines in 
Figure 2. The double dashed line is the outer edge of the free shear layer (called outer jet in 
the text). Other flow-field conditions, such as trailing shock, rear stagnation point, and 
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Figure 2. Control Volume in Base Regions 
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An important streamline associated with overall base-flow characteristics emanates from the 
nozzle and meets similar streamlines coming from surrounding nozzles along a common 
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Inviscid Flow 

The inviscid edge conditions needed for describing the mixing-layer properties are obtained 
by isentropically expanding the nozzle exit conditions to satisfy the required base pressure 
ratio. The inviscid edge Mach number, which is perhaps the most significant parameter 
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Downstream Shock Wave Recompression 

A wedge shock flow is used to specify the recompressed inviscid flow properties. These 
properties are specified as a function of the shock wave angle 6 g and the oncoming Mach 
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where 



Mixing-Layer Properties and Important Streamlines 

Consistent with the anticipated heat-transfer rates, size, and turbulence levels of current 
rockets, a nonisoenergetic turbulent mixing layer is utilized in the current analysis. Solutions 
using laminar mixing layers may have rather limited application for scale-model tests (if 
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an integral method is not very sensitive to small changes in profile shape, a refinement can 

be achieved by replacing Equation (21) with an improved profile derived by Lamb, Greenwooc 
43 

and Gaddis, using an iterative procedure. As they indicated, the resulting velocity profile 
should improve the accuracy for flow- field conditions with significant density variation and a 
strong secondary stream. 



The total enthalpy profile is obtained by using the Crocco relation: 
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where A is now a temperature ratio instead of an enthalpy ratio; 



There are two important streamlines in a mixing layer analysis. One is called a "separating 
(or dividing) streamline, " and the other is called a "reattaching (or discriminating) stream- 
line. " The latter is either identical to or related to the former, depending on whether there 
is a base-bleed or not. Therefore, it is necessary to locate the separating streamline first. 
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The reattaching "d" streamline is the other important streamline considered. This is the 
streamline that divides the mass flow in the mixing layer near the recompression region into 
(1) the portion that passes through the downstream pressure rise to escape, and (2) the portion 
that is turned back into the base region to be recirculated or vented. When there is no base- 
bleed or mass exchange between the inner and the outer jet, the j and d streamlines are iden- 



tical and they bound an enclosed recirculated region. Otherwise, the j and d streamlines are 
related by the amount of mass pumping in or out of the recirculated region, in accordance 
with the following relation: 
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It may also be worthwhile to note that there are a number of analytical models for treating the 
overall mass, momentum, and energy conservation within control volumes around the reattach- 
ment point by approximating various integral behaviors over the control volume (such as Refer- 
ences 41 and 44) based upon rational assumptions related to the physical properties of the flow. 


£ 

o 

rH 

0) 

43 

d 

0 

> 

• iH 

DO 

* 

o 

d 

0 

Vi 

d 

rd 

o 

d 

o 

Vi 

( 3 , 

Oh 

d 

d 

d 

rd 

o 

d 

to 


o 

0) 

Oh 

TO 

d 

13 


*h— i 

o 

■ 

4-> 

d 

o 

0 

rd 

4 -> 

d 

o 

d 

a) 

o 

r— < 

Oh 

a 

<u 


CL) 

o 

d 

d 

d 

rO 

TO 

TO 

d 


m 
■ <u 

Vh 

d 

do 


d 

•H 

d 

£ 

o 

rd 

TO 

TO 

d 

CD 

a 

d 

rH 

o 
> 
r— I 

o 

ts 

o 


co 

0 

•rH 

-v> 

Vi 

0) 

Oh 

o 

Vi 

Oh 

£ 

O 


Oh 

O 

Vi 

-v> 

d 

0 

TO 

•rl 

0 

rd 

-V> 

DO 

d 

•iH 

CO 


CO 

£ 

•H 

do 

0 

rO 

TO 

TO 

0 

u 

O 

Vi 

Oh 

d 

O 

■ r-H 

TO 

TO 

o 

Vi 

Oh 


o 

U 

0 

Vi 

CD 

,d 

+-> 

0 

Vi 

0 

rd 

£ 


TO 

O 

£ 

bjO 

£ 

O 


CO 

CO 

a 


<u 

rd 

4-» 

Vi 

O 

i+H 

DO 

d 

• H 

13 

Vi 

DO 

0) 

"S 

• rH 

d 

9 


Q 

"S 

• rH 

O 

Oh 

O 

•V> 


4-> 

d 

• H 

o 

Oh 

TO 

TO 

O 

Vh 

O 

d 

0 

rQ 

d 


o 

CJ 


iu 

0 

•rH 

ci 

Vh 

X 

?H 

4-> 

13 

bo 

d 

CO 

9 

• rH 

0 
• iH 

r-3 

CJ 

u 

-H 

a) 

0 

ri 

0 

rH 

CJ 

0 


H 




© 

on 



e'- 

en 



d 

© 


d 

d 


d 

w 

TO 

O 

O 

o* 

<1 


ii 



d 

© 

(0 

Vi 

O 

rd 

£ 


d 

0 

d 

• rH 


Vi 

TO 

0 

d 

d 

a) 

(0 

rO 

d 

d 

0 

Vh 

13 

TO 

c3 

rd 

d 

o 

fin 

d 

rd 

£ 

■a 

o 


d 

o 

•rH 

TO 

TO 

0 

U 

Oh 

X 

0 


d DO 

0 d 


d 

Oh 


£ 

O 


o 
o 

0 
rO 

d 
d 
o 

d "d 

© r 

r. O 
— ' -4-> 

£ 7, 


o 

4-H 

0 

rO 

-v> 

rO 


d 

o 

•fH 

13 


0 

Vi 


cr rd 

W d 

A 2 


oo 

co 



i 


-v» 

*+■ 

0 

© 

II 

d 

® 


552 



When P od is known, r) ^ can be computed as mentioned previously, and consequently, and 

then X / L can be evaluated. The value of P , can also be determined by employing the 

r oq 

momentum balance to the same control volume given in Figure 5. To do this, three basic 
assumptions and their applications (similar to those of Reference 41) are given below: 
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where 



Since t(L)/P « P Qd /P has been confirmed by many shear layer analyses, it is therefore 
suitable to ignore the shear stress contribution in Equation (39). which then yields the follow- 
ing location for the cutoff station: 
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pressure and temperature, but with no velocity components. As an initial assumption, this 
approximation is useful for specifying the inner-edge properties of the mixing layer as well as 
the static pressure upstream of the reattachment point. The amount of mass recirculated 
upstream is determined by the reattachment analysis and provides an approximate indication 

of the "dead-air "zone validity. 
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may be expressed as 



The energy carried by the entrained mass flow between the d and j streamlines into the base 
region is 
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Many terms given in Equation (48) are defined in the preceding section. In addition, by 
defining another kind of integral 1^, the two integrals in Equation (48) can also be evaluated 



(49) 
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Is the vent velocity between the nozzles 

is the radius from the stagnation point to the vent area between the nozzles 
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Correspondingly, for aspiration cases the following approximate equation is used 



In Figure 3a, a rectangular positioning of similar rocket nozzles is shown. This configuration 
simulates a space shuttle booster configuration used in the Phase B study. Each nozzle is 
identified by a number: 0, 1, or 2, corresponding to the base flow patterns indicated m Fig- 
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TYPE CONFIGURATION REMARKS 
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Figure 3. Various Venting Configurations 




In Figure 4a, an illustration showing the common streamline axis is given. Because of the 
symmetry associated with this axis, flow-field solutions between it and the various nozzle 
axes are approximately identical. Consequently, this axis is useful in treating the recircu- 
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Section 4 
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Figure 6 is a typical plot of reduced data for the Saturn S-I. The initial large heat input is 
due to the launch procedure of holding the vehicle down until all engines have reached full 
thrust. During this time, there is a large radiation heat input from the exhaust gases, which 
are deflected by the launch pad. After release, the heat input drops to the normal low- 
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Figure 6. Saturn i/S-l Inner Base Heat Shield Heating 





The Saturn S-IC stage has a configuration that is different from the S-I with five engines in a 
cross pattern. Figure 7 compares the heating rates of the S-I and S-IC. As can be seen, 
the launch heating is considerably less even though the holddown time appears to be longer; 
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Figure 7. Base Heating Comparison 
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Figure 9. Predicted Outer-Annulus Pressure Versus Mach Number 



predicted inner-jet base heat transfer results are pres 
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Figure 10. Predicted Base Heating Versus Outer-Annulus Pressure 
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Figure 1 1 
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Figure 12. Base Pressure Comparison 




Radiation Heating 

Radiative base heating is very significant for the Saturn V/S-IC stage. Since the Saturn V/S-IC 
engines and base configuration are being considered as candidates for the space shuttle, 
model test data and flight results for the Saturn V/S-IC stage were evaluated to establish the 
validity of the available data, to extend these data to the shuttle conditions, and to determine 
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The maximum effective radiation temperature required to give the 23. 0 watt/cm (26. 0 Btu/ 
ft 2 -sec) heating rate is 1, 510° K (2, 720° R) for a cloud radiating with a configuration factor 
of 1. 0 and an emissivity of 1. 0. 
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that the average plume temperature is higher than could be predicted, disregarding the plume 
boundary combustion. Based on this average temperature, a plume emissivity of 1. 0, and 
the maximum sea level configuration coefficient shown in Figure 13, a nozzle heating rate 
of 9. 1 watts / cm 2 -sec (8. 0 Btu/ft 2 -sec) was obtained. The plume emissivity of 1. 0 is based 



on an analysis presented in Reference 51. Although the effective plume emissivity can be 
lower than 1. 0, especially at higher altitudes, it appears to be a good estimate, especially 
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Figure 14. Saturn V F-1 Engine Bell Heating Rates 
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Figure 15. Base Heating Comparison for LOX/LH 2 Clustered Engines and Choked Flow 
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MULTI-ENGINE BASE PRESSURE, P b (N/m 2 ) 
Figure 16. Base-Heating Comparison for Recent Shuttle Booster Tests 
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Figure 17. Preliminary Predictions for Twelve-Engine Shuttle Booster 
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analytical/test data comparisons for the gac flat plate tests 
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DISTANCE FROM NOZZLE EXIT PLANE, X/r e 



Shown in figure 7 are the experimental and analytical heating rate distributions for two 
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DISTANCE FROM NOZZLE EXIT PLANE, X/r e 



analytical/test data comparisons for the gac vertical fin test 
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ANALYTICAL / TEST HEATING RATE COMPARISONS FOR THE GAC 
VERTICAL FIN TEST (TWO ENGINES FIRING) 
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VERTICAL DISTANCE FROM FLAT PLATE, y/r, 



ORBITER ENGINE EXHAUST PLUME SURVEYS CONDUCTED 
IN THE MSFC IBFF TEST FACILITY 
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multiple engine arrangement). However, these effects rapidly disappear with increasing plume radius. 



ORBITER ENGINE EXHAUST PLUME SURVEYS CONDUCTED IN THE 
MSFC / IBFF TEST FACILITY (PITOT PRESSURES AT X/D e = 15) 
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PLUME RADIAL DISTANCE, r/D 



Presented in figure 10 are the stagnation point heating rate radial surveys at a plume 
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ORBITER ENGINE EXHAUST PLUME SURVEY CONDUCTED IN THE 
MSFC/IBFF TEST FACILITY (STAGNATION HEATING 

RATES AT X/D P = 15 ) 
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PLUME RADIAL DISTANCE, r/D, 
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PLUME IMPINGEMENT PRESSURE DISTRIBUTION 
ON THE BOOSTER FIN LEADING EDGE 
FOR THE MSFC/IBFF TESTS 
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VERTICAL DISTANCE FROM FUSELAGE, V, CID 



PLUME IMPINGEMENT HEATING RATE DISTRIBUTION 
ON THE BOOSTER FIN FOR THE MSFC IBFF TESTS 
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PLUME IMPINGEMENT HEATING RATE DISTRIBUTION 
ON THE BOOSTER FIN LEADING EDGE 
FOR THE MSFC/IBFF TESTS 
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VERTICAL DISTANCE FROM FUSELAGE, y, cm 



The heating rate distribution along a chord located 20.6 cm above the fuselage are pre- 
sented in figure 13 for the equivalent and multiple engine arrangements. The analytical results 
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PLUME IMPINGEMENT CHORDWISE HEATING RATE DISTRIBUTIONS 
ON THE BOOSTER FIN FOR THE MSFC/IBFF TESTS 
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DISTANCE ALONG CHORD AT y = 20.6 Cm, cm 



PLUME IMPINGEMENT PRESSURE DISTRIBUTION ALONG THE BOOSTER FUSELAGE 

STAGNATION LINE FOR THE MSFC IBFF TESTS 
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PLUME IMPINGEMENT PRESSURE DISTRIBUTION ALONG tAe 
BOOSTER FUSELAGE STAGNATION LINE 
FOR THE MSFC/IBFF TEST 
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DISTANCE ALONG FUSELAGE, JL, cm 
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The infrared imaging camera is an AGA Corporation Thermovision, model 661. The infrared 
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Figure 1 



Calibration of the camera is performed by using an infrared energy source with surface- 
emissivity characteristics the same as those of the wind tunnel model to be tested. Both source 
and model are sprayed with a high-emissivity flat-black paint, 3M Nextel. The paint thickness 
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DISTANCE FROM NOSE/BODY LENGTH, X/L 
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corresponding heat transfer plot. The turbulent wedge is evident in both of these plots. 



TURBULENT WEDGE AS SEEN BY INFRARED CAMERA 
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COMPUTER GENERATED TEMPERATURE CONTOURS 
FROM INFRARED CAMERA 
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Figure 5(b) 
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Figure 5(c) 
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IR CAMERA PICTURE 
(WINDWARD SIDE) 










CONCLUDING 










1 




1 



T— i 



<44 


-2 




o 

1 


•H 



o 

<44 

3 




n 

O 


XI 




O 

to 



• 

<D 

cd 


cd 

CU 


!». 





i-4 

3 


cu 

(U 

Vl 

co 

Vl 

3 

to 



3 


3 

43 

Vi 

cd 

3 

o 

a 

<0 



44 

X 

<d 

44 



43 

44 

44 

> 



3 

a) 



CU 

cd 

44 

co 

VI 

2 



H 

H 

43 

A 

Vi 

V4 


i4 


a 




a. 

44 

co 

O 

CU 

• A 

43 

CU 





a 

•H 

<u 

a 

a 

CU 


43 

rl 



• 

o 

is 

r-4 


cd 

60 

3 

,,*1 

3 



3 

o 


CU 

CU 

o 

cd 

1 


XJ f ; 



Vi 



3 

43 


YW:. 

•H 

O 

2 



3 

3 

|"4 

o 


CU 

1-4 

-444:; : 

44 

a 



a 

o 

; r4 

o 

S3 

43 

O 






3 


cd 

o 

cd 

44 

> 

CU 

' P< ! 

3 



C_> 

to 

t-4 

a 

cj 



43 

3 

43 




3 

44 

u 


V4 

<44 

44 


44 



XJ 

o 

S3 

CU 

CO 

o 

O 


CU 




3 

•H 

Cd 

43 

3 

44 


<U 

44 

3 



Vl 

u 

44 

44 

o 


a 

> 

3 

o 



3 

3 

CO 


•i4 

60 

Vl 

44 

Vl 




Vl 

43 

43 

43 

44 

3 

o 

60 


S3 



<44 

i4 

3 

44 

3 

•H 

<44 


X3 

o 



3 

H 

CO 

■H 

43 

r4 


3 

3 

44 



H 

44 



•r4 

XJ 

CU 

cd 

60 

44 




CO 

CU 


V4 

c 

43 

u 

3 

44 



3 

•H 

a 

X) 

44 

cd 

44 


V4 

to 



3 

Xl 

•H 

<U 

CO 

43 


cd 

3 

S3 





44 

Vi 

•H 


3 

Vl 

> 

3 



43 

3 


cd 

Xl 

cd 

•r4 

3 

3 

M 



44 

4J 

S3 

CU 


44 


a 

1 

44 



-H 

3 

O 

a 

(U 

cd 


cd 

3 




IS 

m 

•H 

o 

44 

X3 

r-t 

cj 

a 

A 





44 

u 

cd 


44 


44 

to 



V4 

60 

CJ 


Vi 

<44 

O 

CU 

44 

S3 



3 

a 

3 



O 

CU 

43 


3 



<44 

■H 

XI 

• 

60 


Vl 

44 

3 

CU 



to 

4-1 

cu 

CO 

Ci 

co 

44 


43 

CU 



3 

3 

H 

d 

•H 

a 

XJ 

•» 

44 

3 



3 

(U 


O 

44 

CU 


CU 


43 



Vl 

43 

cd 

•H 

cd 

t — 1 

CO 

Vl 





EH 


44 

U 

CU 

43 

*H 

2 

r4 

to 




3 

cd 

cd 

43 

O 


a 

3 

3 



44 

•H 

XI 

d 


U 

-44 

Vl 

o 

a 


w 

3 

3 


U 

X) 

CU 

3 

cu 


•rl 


u 

3 

44 

a) 

•H 

cu 


CU 

43 

3 

44 


S3 

X 

43 

CO 

CO 

r— 1 

CU 

*4 

44 

> 

2 




O 

cd 


■H 

43 

3 

Vj 

•rl 

a 


2 

U4 


cu 

4J 

cd 

44 

O 

3 

60 

o 


w 

O 

O 

Vl 

CO 

44 



Pu 


to 


Pu 


+J 

a 

o 

CU 

•» 

cd 


3 




44 


cu 

a 

X) 

44 

Vl 


3 

to 


pej 

3 

3 

Xl 



S3 

cu 

• 

CJ 

3 



2 

U 


u 

44 

•H 

a 

xl 





a 

CU 

o 

o 

cd 

cd 

3 

cd 

44 




3 

a 

44 

«+-j 

43 

CU 

O 

cu 

3 

<44 



Vi 

3 



44 



Vl 

•rl 

•H 



3 

CJ 

>> 

cu 


CU 

CU 


3 




to 


44 

rH 

CU 

60 

43 

o 

CU 

44 



3 

60 

•H 

rQ 

60 

3 

44 

44 


3 



3 

a 

S3 

cd 

cd 

cd 



3 

3 



s 

■i4 

3 

4J 

44 

43 

cu 

CO 

60 

44 




60 

44 

P4 

f3 

O 

CJ 

XJ 

3 

Vl 




a) 

V4 

CU 

cd 

1 

3 

Vl 

3 

O 



• • 

S 

O 

a 

> 

CU 

•H 

o 

43 

CU 



• 

•H 

CU 

o 

X) 

CO 

CO 

CJ 

3 

a 



PS 


CU 

cd 

cd 

3 


CU 

1 

•H 




XI 

o 



43 

3 

Vl 

3 


• 


0S 

cu 


CO 

CU 

P. 

o 


to 

3 

4J 



Vi 

cu 


43 


•H 

CJ 

3 

43 

CO 


CQ 

3 

43 


44 

43 

44 

44 

43 


cu 


•H 

V4 

44 

■U 


44 

3 

43 

CU 

3 

4J 


U 

<4-1 


cd 

CO 

•H 

a 

CU 


3 



pc« 

a 

CO 

,d 

Vl 

IS 

O 

3 

to 

CJ 

CU 



-H 

1-4 

u 

CU 


44 

H 

3 


■d 


-d 


CU 


<44 

XJ 

3 

60 

3 

to 

u 


d 

C3 

M4 

cd 

<44 

CU 

cd 

O 

M 

•rl 



cd 

cd 

<44 

4J 

O 

V4 


44 

3 

43 

50 




O 

cd 


cd 

o 

O 

,3 

H 

d 


• 01 

m 


*d 

cd 

& 

44 

43 

IS 


•H 


• 

o 

CO 


Vt 

a 


3. 



u 


cd 


CU 

<U 

(U 

o 

CU 


0% 

• 

d 



cu 

CU 

43 

a 

o 

r4 

O 

3 

3 




CO 

cd 

U 

cd 


43 

3 

44 

60 



3 

3 

43 


o 


Cd 


3 

3 

>v 


3 


<0 

d 


• 

3 

CU 

Vl 

3 

H 


cd 

<U 



XJ 

*13 

cu 

Vl 


43 

r— i 


S 

43 

cj 


cu 

a> 

a 

3 

60 

CJ 

cd 


o 

H 

•H 

>> 

Vl 

d 

cd 


3 


•H 


43 


a 

a 

cd 

*H 


CU 

•rl 

3 

4J 


H 


cd 

cd 

Vl 

cd 

cu 

Vi 

44 

to 

d 




d 

u 

>44 

4J 

Vl 

CU 

3 

3 

cd 





d 

S3 

rO 

2 

43 

3 

43 

4J 


• 


XI 

a 

•H 

O 

a 

44 

43 

CU 

CO 


rH 


660 


Heat Mass Transfer, vol. 11, 1968, pp. 819-826. 



HEAT -TRANSFER TESTING PROCEDURES IN PHASE B SHUTTLE STUDIES 
WITH EMPHASIS ON PHASE -CHANGE DATA IMPROVEMENT 





1 

a 



Ti 







i 

-p 

C7 1 



a 








a 

•H 



a 



CO 




•a 

a 

a 

CD 

i 


CD 


•H 




o 

.a 

a 

CO 

a 

*s 

H 

a 





a 


a 

0) 

92 

o 

-P 

a 

-P 




0) 

a 

a 

H 

a 

a 

g 

a 

•a 

a 

t 

a 

■a 





a 



ft 

a 

P 

a 

•H 




a 

a 

a 


o 

a 

CQ 

a 

H 




!> 

a 

bD 

• 




a 





•H 

a 

a 

P 


a 

d 

■a 

Td 




-P 

TO 

a 

O 

a 

a 



a 




a 


a 

•H 

•H 

3 

P 

a 

N 




-P 

pq 

a 

ca 

!> 

a 

O 

bD 

•H 




•H 


1 

m 

•H 

a 

Ch 


a 




•P 

0) 

a 

P 

a 

a 


a 

a 




a 

TO 

TO 

o 

•H 

a 

w 

a 

rd 




oS 

a 

a 

CO 

TO 

& 

p 

a 

O 




ft 

a 

a 

•H 

a 

8 

0 

1 

ft 




a 1 

ft 

ft 


a 

a 

•H 

a 




bO 




TO 

a 

-p 

TO 

ft 




0) 

<D 

P 



d 

a 

O 




a 

a 

a 

CD 

•s 

■d 

H 

a 





•H 

a 

a 

rP 

H 

P 

ft 

a 




fH 

a 


-P 

a 

a 

0 


TO 




3 

ft 

B 

•H 

o 


ft 

2 




TO 

•H 

o 

p 

a 

a 

0 





a 



<+H 

a 


0 


a 





a 

a 


a 

o 


a 

a 




S 

TO 

o 

0) 


a 

CD 

0 

a 




a 

•H 

P 

g 


H 

•H 





fH 


-P 

•H 


a 

gi 

a 

a 




p 

<0 

d 

P 

H 

•H 

a 

bD 




Oh 

> 

o 

O' 

a 

a 

d 

a 






•H 

*H 

Q) 

■a 

a 

CO 

a 

0 




OP 

TO 

rd 

P 

Q 

a 


a 

M 




ft 

a 

Pi 


s 

a 

P 

ft 


a a 


a 1 

a 

Pi 

>3 


•H 

•H 

a 

a 


O a 


•H 


d 

o 

a 

>rd 


a 


-P -P 


g 


o 5 

S 5 

a 

rd 

a 

>5 


a a 



a 

P 

h 

a 


CD 

A 

a 


Q a 


a 


•H 

p 

a 

a 

•P 

•H 

•rH 


B u 

a 

a) 

a 


o 

a 

.a 

d 


a 


a 

a 

o 

r d 

o 

V 

a 

P 

■a 

a 


a a 

o 

bO 

ft 

CD 

d 

1 


. -P 

a 



o a 

H 


N 


a 

ft 

02 

a 

a 


n a 

E-i 

a 

•H 

a 

o 

•H 

H 

d 

TO 

a 

o 

A 

>= 

a 


Eh 0 > 

£> 

P> 

•H 

•H 

d 

a 

92 

H 

a 

a 


TO 

fi 

a 

a 

-P 

rd 

ft 

3 

•H 

•H 

a 


. a 

o 

o 

ft 

P 



a 

■a 


«aj ft 

ft 

a 

o 

-p 

ft 

<0 

CD 

a 

1 




P 

o 

o 

> 

P 

1— 1 

a 


!>» 


a 

a 

d) 

(U 



d 

a 

•d 


•H 0) 

M 

b 0 


CL) 

q-i 

TO 

^d 



a 


►5 H 


a 

-a 

p 

Ch 

a 


co 

a 

ft 


a bD 


a 

•H 


d 

•H 


CD 

a 

0? 


Pi fl 


a 

& 



a 

P 

•H 

2 

a 


. a 


o 

a 

t> 

{>5 

a 

ca 

-P 

TO 

bD 




1 

a 

d 

rd 

a' 

ca 

•H 

•H 

0 


pq 


(U 


P 

-a 

ft 

d 

> 

> 

a 




to 

TO 


p 

o 


■ •H 


0 




a 

a 

P 

d 

a 

cu 

-P 

a 

a 




a 

•H 

O 

o 

ft 

P 

•H 

a 

ft 




ft 


•H 

•H 


43 

CO 

a 





a 

P 

CH 

H 


P 


bO 




(U 

•H 

£ 

•H 

a 

0 

CD 

a 





a 



P 

a 

-P 

CO 

a 

•iH 




p> 


to 

PO 

a 



a 

!> 





CD 

(L) 

•H 

a 

w 

CD 

ft 

O 




Ah 

-P 

B 


a 

•P 

CO 

ft 

a 




O 

H 

P 


a 

P 

CD 

a 

& 





P 

•P 

>2 


CD 

P 


a 




a 

CO 

CD 

d 

ft 

•H 

Pi 


•H 




a 

CD 

o 


o 

O 


a? 





92 

P 

o 



•H 


s 

ft 




8 

d 

P 

rP 

a 

<H 

• 


0 




ft 

Pi 

o 

o 

CH 

CO 

a 





o 

-p 



•rH 

CL) 

-p 

a 

■a 




iH 

d 

•n 

a 

O 

0 

•H 

0 




a 

rd 

a 


a 

O 

CD 

a 

a 




> 


a 


■H 


ch 

> 

a 




a 

P 

r* 

oa 

a 

P 

ch 


92 




Td 

0) 

CL) 

P 

a 

CL) 

CD 

TO 

a 






£ 

O 

t> 

qn 


a 




-p 

CO 

O 

-P 


w 

CD 

0 

a 




a 



a 

a 

P 

P 

a 





a 

d 

d 

'Cf 

d 

P 

a 





a 

P 


qn 

a 

P 

-P 

a 

d 




a 

-P 

:• 


a 

-P 

d 

ft 

a 




a 

i 

to 

p 

a 

1 

P 






-P 

CD 

•H 

a 

-P 

CD 



• 



0) 

d 

•H 

d 

•H 

d 

& 

• 

^d 

rd 



a 

CD 

rd 

-P 


a) 


t >3 

CD 

CD 



EH 

P 

P 

P 

TO 

P 

CD 

a 

to 

-P 





•P 

a) 

a 


-P 

a 

to 

P 




a 

CO 

o 

o 

rd 


92 

P 

CD 




•H 


^d 

a 

CD 

id 

a 

a 

02 




s 

PD 

a 

p 


0 

CO 

CD 




Co 

P 

P 

a 

p 

a 

•H 

P 




d 

•H 

d 

ft 

W 

is 

bO 


Ph 


661 



specific heat of model material 




Xi 










ft 










•H 










13 










O 










p 










a) 










43 










ft 










m 










aJ 










U 










o 





Jh 





ft 





cu 










p 




-p 

-p 





CD 





pi 





s 




a> 

<u 





to 




•H 

•H 





•H 




O 

O 


rH 





0) 


•r! 

•H 


ft 





ft 


ft 

ft 


•rH 



3 


ft 


ft 

ft 


ft 



O 


ft 


(U 

CL) 


CD 





ft 


O 

o 

, — * 

-ft 





P 


CJ 

CJ 

ft 

ft 



CD 


CD 




O 

a 



W 


& 


P 

p 

O 




a5 


a 


cu 

CL) 

ft 

rH 



P 


CD 


ft 

ft 


CD 





-p 


m 

ra 

rH 

TP 







a 

S3 


Q 



CD 


r*5> 

ft 

aJ 

cci 


a 



P 


u 

a 

P 

P 

P 






CD 

0) 

-P 

ft 

CD 

ft 


p 

P 


> 

•H 

i 

l 

ft 

o 


0) 

£ 


O 

O 

ft 

ft 

33 



ft 



O 

•H 

n5 

cd 

a 

>5 



w 


CD 

P 

Q) 

(U 


ft 



•P 


Sh 

P 

Xi 

43 

00 



a 

H 



CD 



-d- 

i> 



O 


U 

O 

•ft 

ft 

o 

•H 


p 



O 

a 

S3 

S3 

na 

P 


o 

& 




•rH 

•H 

• 

O 


cc3 

CD 


rH 


O 

O 

o 

2 



« 


H 

CD 

Pi 

ft 







CD 

P 



ft 

£ 




CD 

£ 

W 

S3 

S3 

o 

o 


CD 

TO 

ft 


a 

o 

O 


o 


CD 

CD 

ft 

O 

cti 

•H 

•H 

CO 



U 


-ft 

•H 


ft 

ft 

ft 

H 


P 

*P 

ft 

P 

P 

o5 

aj 

•H 


P 

w 

W 

p 

ci5 

i 

S3 

S3 



P 

1 

1 

a) 

p 

P 

W 

bO 

ft 


bD 

CD 

CD 

& 

ctf 

cti 

a3 

c3 

P 

d) 

£ 

a> 

CD 

a 

•H 

cd 

-P 

ft 


P 

0) 

Sh 

U 

(D 


P 

m 

CQ 


P 

H 

P 

P 

ft 



S' 


o 

xi 


ft 

o 


xi 




Q 

P3 


Eh 


§ 

EH 


EH 


662 


model initial temperature 
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Figure 1 



VARIATION OF MATERIAL THERMOFHYSICAL PROPERTIES WITH SAMPLE 

(Figure 2 ) 

Thermophysical properties of STYCAST 2762. the material most frequently used for construction of 
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of the thermal properties on the interior of a model. 





VARIATION OF ADIABATIC WALL TEMPERATURE WITH FLOW DEFLECTION ANGLE 

(Figure 3) 
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Figure 3 



EFFECT OF ADIABATIC -WALL-TEMPERATURE ASSUMPTION ON COMPUTED HEAT -TRANSFER COEFFICIENTS 

(Figure 4) 

The error in computed heat-transfer coefficient introduced by the assumption of an adiabatic wall 






<P 

Td 




Pi 



CD 

O 

<D 


P 


0 

1 


H 


Pi 

H 

CQ 



S 


cd 

O 

CD 


CD 



CD 

( u 

CQ 

•H 

P 

• 

P 



-P 

-p 


-P 


0 



• 


•H 

CQ 

cd 

p 


P 


-=J- 

rH 

ft 

•rH 

Pi 

O 

p 

P 



cd 


rP 


O 

0 

92 


CD 

P 


EH 

CD 

P 


a 


B 

O 

CD 


P 

CD 

0 

CD 


p 

P 



P 


•rH 

B 


q 0 



• 


CD 

P 

P 


•rH 

O 

{>3 

|3 

CD 

CQ 

cd 

CQ 



-P 

C |3 

O 

CQ 

O 

Pi 

cd 




g 

rH 

P 

P 


CD 


Pi 



<H 

cd 

P 

CD 

a 


•H 

Pi 

u 


0 


h 




cd 

0 

CD 

CD 

$H 

3 

p 


P 

S> 

u 

P 

P 

cd 

p 

•H 


0 ) 

0 

u 

P 


P 

cd 

M 


-p 

0 

<D 



P 

Pi 

Ul 


cd 

cd 


<P 

Pi 


CD 

1 


Pi 

Pi 

W 

O 

CD 

CD 

& 

3 


-P 


•H 


>• 

O 

a 

•H 


CQ 

<P 

& 

CD 

CD 

P 

CD 



P 

0 

EH 

Pi 

fs 

cd 

P 

-P 


rH 



3 

O 

0 




rH 

0 


P 

P 

•rH 

rH 



•rH 

•H 

• 

cd 


Pi 

cd 




-P 

m 

Pi 

•*\ 

•rH 

P 



CQ 

cd 

CL) 

CD 

<D 

P 

O 

•H 


•H 

Pi 

h 

& 

P 

So 

P 





3 

a 

cd 

•H 





Td 

-p 

CD 

■rH 

CQ 

O 

Q) 


0 

0 ) 

cd 

p 

p 


P 

fH 


•rH 

s 

U 


p 

CQ 


Q) 


p 

p 

CD 

rH 

0 

CQ 

CD 

-P 


cd 

CQ 

& 

cd 

CD 

CD 

bO 



Pi 

CQ 

g 

P 

p 

rH 

P 

p 



cd 

CD 

O 



cd 

O 


(U 


-P 

P 

p 

P 

P 

O 


B 

CD 



•rH 

O 

0 

a 



■P 

H 

CD 

P 


1 

<D 


-P 

p 

CD 

P 

M 

CQ 

CD 



cd 


•H 

p 

1 

■H 

CQ 

w 


Pi 


-P 


P 


cd 

•H 


0 ) 

0 

•rH 

CQ 

•H 

Pi 

P 



Pi 



CD 

P 

O 

Pi 



a 

Pi 

•H 

P 

P 

Pi 


O 



0 


O 


Pi 

cd 

•H 


+3 

■rH 

H 

cd 

CD 

(D 





-P 

cd 

O 

P 


bO 

£ 


rH 

O 

"d 

Pi 

P 

cd 

P 



cd 

£j 

O 

Pi 


P 

■H 

P 


P 

p 

£ 

Pi 

P 

p> 

P 

O 


O 

S-i 


cd 

P 


cd 

•H 


P 




•H 

•> 

0 

-P 



cd 

fj 

CD 

|S 

rH 

•H 

•H 


O 


CD 

B 


rH 

P 



P 



3 

P 

cd 

P 

a 



H 

CD 

p 

CD 

a 

•H 

O 


>5 

Pi 

W 

cd 

P 

CQ 


a 


Pi 

0 

G 

Pi 

■rH 


CD 



(U 


cd 

CD 

Cd 

t>> 

> 

iH , 


!> 

p 

& 

& 

P 

rH 


rH 


O 

0 

O 

g 

P 

CD 

3 



O 

a 

1 

CD 

O 

1> 

0 



CD 


CD 

P 


•rH 


1 


Pi 

CQ 

W 


cd 

P 

CD 




•rH 

cd 

CD 

P 

cd 

P 

H 


-p 


rd 

bo 

cd 

H 

Eh 

O 


pi 

Pi 

ft 

Pi 

td 

CD 


O 


CCS 

O 


cd 


Pi 




-p 

Pi 

,d 

P 

0 


• 

Q) 


CQ 

Pi 

-p 

0 

•3 

CQ 

-3 

& 


Pi 

CD 

•rj 

1 

P 

•rH 

P 

-P 


O 


£ 

CD 

•rH 


•rH 



O 

0 ) 


CQ 


CD 

cd 

m 



Pi 

w 

cd 

P 

S 

Pi 

<D 


cd 

P 

CD 

p 

CD 

3 


-P 




•H 

Pi 

O 

p 

CD 



Pi 




P 

cd 

B 



O 

bO 

CD 

CQ 

'P 

Pi 

3 

•H 



Pi 

i> 

cd 

0 

CD 

p 

X 


P 

•H 



Pi 

& 

cd 

0 


0 ) 

P 

O 


p 

a 

Pi 

u 


IQ 

CQ 

m 

rH 

p 

CD 

CD 

ft 


Cd 

(D 

H 

rj 

•H 

P 

Si 

& 


P 

P 

cd 

cd 



g 

cd 

• 




•H 

O 

1 — 1 

CD 



•s 

O 

-P 

O 

CQ 

cd 

P 


w 

0 

bD 

P 

CD 

rH 

p 

1 

rH 


B 

Pi 


Pi 

cd 

0 

P 

Q) 

0 


cd 


CQ 


p 

bD 

m 

0 

p> 

P 

<u 

CD 

CQ 


•rH 

O 

0 

cd 

0 

?h 


•H 

0 

P 

iH 

rH 

Pi 

1 

P 

•N 


P 


O 


O 

CD 

-p 

CD 

Pi 


bO 


ll 

& 

CQ 

d 

bD 

0 

rH 

P 



a 

cd 

?H 

Pi 

Pi 

rH 

•H 

U 

-P 

CL> 


cd 

cd 

Pi 

cd 

m 

Q) 

EH 

-P 

Pi 

ft 

H 

CD 

Is 

P 

{> 

v — x 


67O 



EFFECT OF ADIABATIC- WALL- TEMPERATURE ASSUMPTION 
ON COMPUTED HEAT- TRANSFER COEFFICIENT 



671 


Figure 4 



APPLICATIONS OF ADIABATIC -WALL -TEMPERATURE ASSUMPTION TO PHASE B DATA 

(Figure 5 ) 

impact of the T aw /T-t assumption on published Phase B data is now illustrated. The two sets 
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APPLICATION OF ADIABATIC-WALL-TEMPERATURE ASSUMPTION 
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Figure 5 



WALL -TEMPERATURE EFEECTS ON HEAT -TRANSFER COEFFICIENT 

(Figure 6) 
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Figure 6 



MEASURED HEAT -TRANSFER DISTRIBUTION ON A HEMISPHERE 
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Figure 7 



FACTORS AFFECTING THE VISUAL CLARITY OF PHASE -CHANGE CONTOURS 

(Figure 8) 
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BARANOWSKI REAL-GAS DELTA-WING METHOD 
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Figure 2 



ALTITUDE-VELOCITY PROFILE AND ANGLE- OF- ATTACK TIME HISTORY 
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the results will cover the operational angle -of- attack range of primary interest for the 
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